Hydrogeologic studies (Foster, Erickson, and Healy, 1984; Foster, Garklavs, and Mackey, 1984) at a low-level radioactive-waste disposal site near Sheffield, Illinois ( fig. 1 ), have revealed a pebbly-sand unit that is believed to convey most of the subsurface drainage from about two-thirds of the 20-acre site. Offsite to the northeast, in the sand unit, most of the ground-water flow seemingly is through a sand-filled channel in an underlying clayey-silt unit.
Radiometric analyses have defined a plume of tritium in ground water extending eastward from the site toward a surface-mine lake located about 800 feet from the site boundary. The tritium plume is coincident with the sandfilled channel and is about 30 to 50 feet wide. Foster, Erickson, and Healy (1984, p. 23 ) calculated that water velocities in the sand unit might range from 0.67 to 1,600 feet per year, with the higher velocities being offsite to the east. Confirmation of the potentially higher rate of water movement was needed to better define the hydrogeology and to provide information for site planners to make knowledgeable decisions with regard to potential radionuclide movement.
The purpose of this report is to give the results of using RWT (Rhodamine WT) dye to measure ground-water velocity in the sand unit. The measurements are limited to one small part of the sand unit. The field procedures are described, and the results are presented as tables of concentrations and concentration hydrographs showing time of arrival of the RWT at observation wells. The study was conducted in cooperation with the Illinois Department of Nuclear Safety. Dr. Terry Lash was particularly helpful in encouraging and supporting this effort. Personnel of US Ecology, operators of the disposal site, assisted in the field efforts and collected most of the samples. Andy Armbrust, of US Ecology was especially helpful in collecting samples, making water-level measurements, and coordinating field efforts. Dr. Glenn Thompson, Tracer Research Corporation, Tucson, Arizona, provided all tracers and tracer analyses exclusive of Rhodamine WT and chloride.
SITE DESCRIPTION
The study area includes the Sheffield low-level waste-disposal site and adjoining lands ( fig. 1 )--an area of rolling terrain. The measurement site is in a tract of land adjacent to, and east of, the disposal site. The tract of land slopes gently to the east. Vegetation is sparse and some gullying has occurred throughout the tract.
Quaternary unconsolidated materials overlie Pennsylvanian bedrock in the study area. The Quaternary materials range in thickness from 10 to 80 feet and consist of till, glacial outwash and lacustrine deposits, and loess. All hydrogeologic descriptions of the study area are taken from reports by Foster, Erickson, and Healy (1984) and from Foster, Garklavs, and Mackey (1984) .
The principal water-bearing unit in the study area is a pebbly-sand unit of the Toulon Member of the Glasford Formation. The pebbly-sand unit ranges from 1 to 35 feet in thickness where present, and grades from a moderately sorted, pebbly, silty sand in the disposal site to a well sorted, pebbly sand throughout much of the study area. The unit underlies about two-thirds of the disposal site and much of the adjoining area to the northeast. Much of the underground drainage from the disposal site is believed to be through this pebbly-sand unit.
Northeastward from the disposal site, the pebbly-sand unit fills a shallow, channel-like depression in the underlying Hulick Till Member. This gravelly, pebbly, sand-filled channel provides a conduit for ground-water flow from the northeast corner of the disposal site east-northeast to a surfacemine lake.
Radiometric analyses for tritium have defined a plume of tritium in ground water extending northeastward from the disposal site that is roughly coincident with the sand-filled channel. The tritium is apparently limited to an area about 30 to 50 feet wide which is only slightly wider than the sandfilled channel.
Ground-water flow in the study area is generally toward the northeast. Much of the flow is through the pebbly-sand unit. The principal path, off site, seems to be through the channel-fill part of the unit.
METHODS
The measurement site ( fig. 1 ) was selected to measure ground-water velocity along the sand channel in order to better define time of travel to the surface-mine lake. Well 601 ( fig. 2 ) was used for injecting the tracers. Before the test, a 5-foot length of pipe extended below the well screen and acted as a silt trap. This extension was packed off to avoid having tracers trapped in the extension and released to the aquifer after the original injection. Well 601 is 27 feet deep and is screened in the bottom 10 feet of the sand unit. During the test, the water level in the well was below the top of the screen.
Five observation wells ( fig. 2) were installed downgradient of well 601 for the purpose of collecting samples for field and laboratory analyses of the tracers. The locations of the observation wells were selected to be downgradient of the injection well and within the channel fill and the tritium plume. Wells T-1 to T-5 are 12, 12, 10, 10, and 9 feet deep, respectively. A 2-foot screen at the bottom of each observation well is in the pebbly sand except well T-4 which has only 1 foot of screen open to the sand (table 1). Radiometric analyses for tritium in water from wells T-1 through T-5 were used to determine if these wells were in the plume of tritium. Analyses of tritium in these wells showed concentrations of the same magnitude as elsewhere along the plume, indicating that the observation wells were within the tritium plume.
Five tracers (table 2) were injected into well 601. All tracers were combined into about 1.25 gallons of well-mixed solution. The solution was poured down the injection well from narrow-mouth glass containers. The containers were rinsed with an additional 1.25 gallons of distilled water and the rinse water was also poured into the injection well to cleanse the well wall of the tracer solution. The solution was again mixed within the well by raising and lowering a one-half pint capacity plastic (PVC) bailer for about 5 minutes. No effort was made to force the solution from the well into the sand unit. Concurrently with injecting tracers into well 601, about 1 gallon of a solution having an approximate concentration of 1,000 milligrams per liter calcium chloride was injected into well T-1. Analyses of chloride in samples from wells T-2 and T-4 were to be used to estimate velocities in the short reach from well T-1 in order to compute the time of arrival at well T-1 of the other tracers injected in well 601. The frequency of sampling was to be increased when the tracers injected in well 601 were near well T-1, based on the computed velocity between wells T-1 and T-2 or T-4.
The five observation wells, T-1 through T-5, were equipped with sampling tubes that remained in place during the tracer test. Samples of water were collected using these tubes and the sampling apparatus shown in figure 3. The hand-operated vacuum pump was used to pump about one-quarter pint of water with which to flush the sampling tube and rinse the vacuum flask prior to collecting each sample. After flushing the tube and rinsing the flask, a sample volume of about one-half pint was collected. Each of the observation wells was assigned a separate flask to avoid the possibility of tracer contamination between wells.
Analyses of chloride were made at the site using a field test kit. Rhodamine WT analyses were performed by personnel of the U.S. Geological Survey in Urbana, Illinois. Analyses of other tracers were performed by Tracer Research Corporation, Tucson, Arizona.
RESULTS

Ground-Water Flow Velocity
The tracers were injected into wells 601 and T-1 on January 24, 1984, at 10:30 a.m. Wells T-1, T-2, and T-4 were sampled daily at 8:00 a.m. Although no chloride was detected in wells T-2 or T-4, a pink color was visible on February 15, in samples from wells T-1 and T-2. Sampling frequency in all observation wells was increased to three times per day; at midnight, 8:00 a.m, and 4:00 p.m. This sampling schedule was continued until March 24, at which time the sampling frequency was reduced to once daily. Sampling was discontinued on May 14, 1984. The analyses for RWT are given in table 3. Only selected samples were analyzed to determine the arrival time of the tracers T-1 Time 0800* 0800 0800 0800 0800 0800 0800 1200 0800 1200 0800 1600 1200 1200 1600 1200 1600 0800 1600 0800* 0800* 0800* 0800* 0800* 0800* 0800 0800 1600 0800 1200 1600 0800 1600 1200 1600 0800 1600 0800* 0800 0800 0800 0800 0800 T Time 0800 1200 0800 0800 0800 0800 0800 0800 0800 0800 0800 0800 0800* 0800 0800 0800 0800 0800 0800 1200 1600 1200 1600 1600 0800 0800 0800 0800 0800 0800 0800* 0800 0800 0800 0800 0800 0800 0800 0800 0800 0800 0800 0800 T-1 3, 7 ', 9, 11, 13, 15, 17, 19, 21, 6, 11, 21, 1984 1984 1984 1984 1984 1984 1984 1984 1983 1984 1984 1984 Trif luoroacetate Rhodamine WT was first detected in well T-1 on February 7 and in T-2 on February 9, and the concentrations increased sharply until February 13 when both wells showed peaks on the concentration hydrographs (fig. 4) . The RWT concentration in well T-1 increased again after February 15 and was at a maximum on February 21.
The distance from the injection well (601) and the closest observation well (T-1) is 87 feet. The distance between well 601 and well T-2 is 110 feet. The February 7 and February 9 dates for arrival of the leading edge of the dye cloud give a time of travel of 14 days to well T-1 and 16 days to well T-2. The computed velocities are 6.2 and 6.9 feet per day, respectively.
Factors Affecting Measured Velocity
The differences in shapes of the RWT hydrographs and the large differences in concentrations for wells T-1 and T-2 ( fig. 4 ) may be attributable to physical characteristics of the wells and the water bearing materials, and to the chemical characteristics of the dye. Dispersion and insensitive analytical procedures may account for chloride not being detected. The test kit used for analyses of chloride had a detection limit of about 35 milligrams per liter. Apparently dilution was sufficient to decrease the concentration at the observation wells below the detection limit. Once dye was visible at well T-1, no further efforts were made to use chloride to estimate ground-water velocity.
Well T-1 may be closer than well T-2 to the center of the flow path from well 601. The water levels (table 1) indicate a gradient along the line from well T-3 to T-5, however, no dye was detected in wells T-3 , T-4, or T-5. This supports the concept of a very narrow preferential flow path eastward from well 601.
The RWT dye may have sorbed onto silts and clays in the pebbly-sand unit. The tracers TFA and PFP had beginning concentrations of about the same magnitude as RWT but their concentrations ( fig. 4 ) in samples from well T-1 are much higher than the dye concentrations. Adsorption of the dye onto silts and clays could cause much of the differences in concentrations between wells T-1 and T-2.
The tracer solution had a higher specific gravity than the ground water and may not have been evenly dispersed vertically when it reached the observation wells. The 2-foot observation-well screens only screened part of the sand unit below the water table. Vertical stratification of the dye in the ground water could account for some of the variations in concentration at well T-1 and some of the differences in concentration between wells T-1 and T-2.
During injection, the tracers may have become separated into two overlapping dye clouds. About 2.5 gallons of tracer solution (including rinse water) could raise the water level about 4 feet in the 4-inch injection well. The pressure head caused by the higher water level would cause an equal 2.5-gallon volume of the mixed column of solution to be displaced from the well into the sand, either above or below the water table, as the water level in the well returned to equilibrium. Water that moved through the geologic materials and flushed the tracers from the well may have displaced the remaining tracer solution at a different rate than the first 2.5 gallons.
Because the sampling frequency was once daily at 8:00 a.m. until February 15, the dye cloud could have arrived at well T-1 anytime after 8:00 a.m. February 6, and the two computed velocities might have been nearly equal. The maximum measured ground-water velocities are considered to be the best estimates for the purpose of predicting the traveltime of conservative contaminants. The velocity of the leading edge of the RWT dye cloud between wells 601 and T-2 was 6.9 feet per day (2,500 ft/yr), assuming a linear flow path between wells. The velocity based on the arrival time of the peak concentration was about 5.8 feet per day (2,100 ft/yr), also assuming a linear flow path. The assumption of a linear flow path may not be fully justified, and the actual velocities along flow paths may be somewhat higher.
